Abstract:The feasibility of using chemically treated kola nut pod to remove 2,4-dinitrophenol from its aqueous solutions under batch mode was investigated. The results showed that biosorption of 2,4-dinitrophenol was dependent on initial concentration, contact time, pH, biosorbent particle size, biosorbent dosage, and temperature. The batch equilibrium biosorption data were analyzed by 2 two-parameter (Langmuir and Freundlich) and 2 three-parameter (Redlich-Peterson and Sips) adsorption isotherm models using linear and nonlinear regression methods. The Sips isotherm equation employing the parameter sets derived using the HYBRID/MPSD/ARE errors provided the overall best model to describe the biosorption data of the 2,4-dinitrophenol-kola nut pod system. The maximum monolayer biosorption capacity ( Qmax) was obtained to be 32.26 mg/g with linear regression and 30.10 mg/g with nonlinear regression. The biosorption kinetic data were fitted to 6 biosorption kinetic models using the linear regression method. The 6 kinetic models fitted well to the biosorption kinetic data; however, the pseudo-first-order kinetic model gave the best fit and the biosorption mechanism was controlled by film diffusion. The thermodynamic analysis indicates that the biosorption process was spontaneous, feasible, exothermic, and physical in nature. Thus, chemically modified kola nut pod has potential for application as an effective bioadsorbent for 2,4-dinitrophenol removal from wastewater.
Introduction
Phenolic compounds including nitrophenols are widely used in pharmaceutical, petrochemical, and other chemical manufacturing industries [1] and could also be found in the liquid waste effluents discharged from these industries. Nitrophenols are listed as priority toxic pollutants by the US Environmental Protection Agency [2] . These organic pollutants can enter our bodies through the lungs and their toxicity lies in the chemical reaction with protein in the bioplasm of the organism's cells, producing insoluble protein and resulting in the loss of activity of the cell and the restraining of microbial growth [3] . Thus, treatment of wastewater containing phenolic compounds has become inevitable before its being discharged into the environment in order to reduce its side effects on the environment and human health. There are many methods, such as oxidation, ion exchange, electrochemical oxidation, reverse osmosis, photocatalytic degradation, ultrafiltration, and adsorption parameters and 5 error functions were applied to evaluate, compare, and rank the feasibility of the applied isotherm models. The kinetics and thermodynamic parameters were also determined and evaluated.
Materials and methods

Preparation of synthetic wastewater sample
All the reagents used for the current investigation were of analytical grade from E. Merck Ltd., India. A stock solution was prepared by dissolving 1 g of 2,4-DNP (Sigma Aldrich, USA) in 1 L of sterilized deionized water.
From this original stock solution, 5 working test solutions with various concentrations (100, 200 , 300, 400, and 500 mg/L) were prepared by dilution with deionized water. Before mixing the adsorbent, the pH of each 2,4-DNP solution was adjusted to the required value by 0.1 M NaOH or 0.1 M HCl solution.
Kola nut pod preparation and characterization
The kola nut (Cola acuminata) pods used in this study were obtained from a local market located in Ogbomoso, Nigeria. The kola nut pods were rinsed with deionized water and sundried for 2 weeks. The sun-dried kola nut pods were again rinsed thoroughly with sterilized deionized water and dried in the oven for 12-24 h at 60
• C, after which they were ground and sieved to different particle sizes that ranged between 0.192 and 1.700 mm and were stored in sterilized closed glass bottles at ambient temperature prior to use as a biosorbent. The kola nut pods were characterized for specific surface area, true bulk density, apparent particle density, moisture content, and porosity. The specific surface area of the sorbent was determined using the iodine number sorption method [32] . The iodine number was determined according to the ASTM D4607-94 method [32] . The iodine number is defined as the milligrams of iodine adsorbed by 1.0 g of carbon when the iodine concentration of the filtrate is 0.02 mol L −1 . This method is based upon a 3-point isotherm. A standard iodine solution is treated with 3 different weights of kola nut pod under specified conditions. The experiment consists of treating the kola nut pod sample with 10.0 mL of 5% HCl. This mixture was boiled for 30 s and then cooled. Soon afterwards, 100.0 mL of 0.1 mol L −1 iodine solution was added to the mixture and stirred for 30 s. The resulting solution was filtered and 50.0 mL of the filtrate was titrated with 0.1 mol L −1 sodium thiosulfate, using starch as an indicator. The iodine amount adsorbed per gram of carbon (X/M ) was plotted against the iodine concentration in the filtrate (C), using logarithmic axes (plot not shown). If the residual iodine concentration (C) is not within the range of 0.008 to 0.04 mol L −1 , the whole procedure should be repeated using different kola nut pod masses for each isotherm point. A least squares fitting regression was applied for the 3 points. The iodine number is the X/M value when the residual concentration (C) is 0.02 mol L −1 . The X/M and C values are calculated using Eqs. (1) and (2), respectively.
Here, M 1 is the iodine solution molarity, V 1 is the added volume of iodine solution, V HCL is the added volume of 5% HCl, V F is the filtrate volume used in titration, M N a2S2O3 is the sodium thiosulfate solution molarity, V N a2S2O3 is the consumed volume of sodium thiosulfate solution, and M KP is the mass of kola nut pod.
Other physical parameters such as moisture content, specific gravity, true bulk density, particle density, and porosity were also determined using standard methods [33, 34] . The physical characteristics of kola nut pods are given in Table 1 . Each value is a mean of 3 replicates ± standard deviation.
Pretreatment of kola nut pod
The kola nut pods were pretreated with chemical solvent to increase the 2,4-DNP uptake efficiency. For this purpose, 100 g of the kola nut pod was treated with 1000 mL of 1 M phosphoric acid (H 3 PO 4 ) for 24 h and then kept in a water bath (70 • C) for 30 min. It was later cooled and neutralized with 500 mL of 1 M NaOH.
The filtrates were separated and dried in the oven at 60
• C for 12-24 h. The pretreated kola nut pods were used as biosorbent for the study.
Batch biosorption equilibrium and kinetic studies
The batch biosorption tests were carried out in a glass-stoppered, Erlenmeyer flask with 100 mL of working volume and an initial concentration of 100 mg/L of 2,4-DNP. A weighed amount (2.0 g) of biosorbent was added to the solution. The flasks were agitated for 100 min on a magnetic stirrer at ambient temperature (25 ± 2 • C). The influence of initial 2,4-DNP concentration (100, 200, 300, 400, 500 mg/L), contact time (20, 40, 60, 80, 100 min), particle size (0.192, 0.25, 0.390, 0.780, 1.700 mm), pH (4, 5, 6, 7, 8) , biosorbent dose (2, 4, 6, 8, 10 g/100 mL), and temperature (25, 30, 35, 40, 45 • C) was evaluated. Samples were collected from the flasks at predetermined time intervals for analyzing the residual 2,4-DNP concentration in the solution. Prior to analysis, samples were centrifuged to separate biosorbent from the sorbate and minimize interferences. At time t = 0 and equilibrium, the 2,4-DNP concentrations were determined using a UV-spectrophotometer at an absorbance wavelength of 320 nm. The amount of biosorption at equilibrium, q e (mg/g), was calculated according to Eq.
(3) [13] :
where C o and C e (mg/L) are the initial and final (equilibrium) concentrations of 2,4-DNP in waste water.
V (mL) is the volume of the waste water and W (g) is the mass of dry biosorbent used.
The procedures of kinetic studies were basically identical to those of batch equilibrium studies.
The amount of 2,4-DNP sorbed at time t, q t , was calculated according to Eq. (4) [35] :
where C t is the concentration of 2,4-DNP in waste water at time t. The percentage of 2,4-DNP removal was calculated using Eq. (5) [36] .
Results and discussion
Effect of initial concentration and contact time
The rate of biosorption is a function of the initial concentration of the sorbate, which makes it an important factor to be considered for effective biosorption. Figures 1a and 1b respectively show the effects of contact time and initial concentration on 2,4-DNP removal by chemically treated kola nut pods. The removal rate was rapid initially and then gradually decreased to attain an equilibrium time beyond which there was no significant increase in the rate of removal. The equilibrium was nearly reached after 60 min for 5 different initial 2,4-DNP concentrations ( Figure 1a) . Hence, in the present work, 60 min was chosen as the equilibrium time. The fast biosorption rate at the initial stage may be due to an increased availability in the number of active binding sites on the biosorbent surface. The biosorption rapidly occurs and is normally controlled by the diffusion process from the bulk to the surface. However, at the later stage, the biosorption is likely an attachment-controlled process due to fewer available biosorption sites. Similar findings for nitrophenol adsorption onto other adsorbents were reported by other investigators [1, 37] as well as for chlorophenols [36, 38, 39] . Furthermore, the biosorption capacity at equilibrium increased with an increase in initial 2,4-DNP concentration ( Figure 1a ). This is due to the increasing concentration gradient, which acts as an increasing driving force to overcome the resistances to mass transfer of 2,4-DNP between the aqueous phase and the solid phase [40] . Similar results were obtained in the adsorption of 4-nitrophenol onto fly ash [1, 41, 42] . However, the percentage removal of 2,4-DNP decreased with the increment of the initial 2,4-DNP concentration (Figure 1b ). This observation is due to the fact that all biosorbents have a limited number of active sites and at a certain concentration the active sites become saturated [43] . 
Effect of biosorbent particle size
Figures 2a and 2b respectively show the effect of biosorbent particle size on the biosorption of 2,4-DNP by chemically treated kola nut pods. It is seen that the biosorption capacity of kola nut pods increased with decrease in particle size diameter; thus, the removal of 2,4-DNP increases as the particle size diameter decreases (Figure 2a ). Similar observations have been reported for adsorption of unsubstituted phenol [44] and the biosorption of 2,6-dichlorophenol [39] . Decrease in particle size increases the percentage removal (Figure 2b) due to increase in surface area as well as micropore volume [45] . Smaller particle size means more interior surface and micropore volume, and hence the area of active sites for adsorption will be greater. Additionally, for larger particles, the diffusion resistance to mass transfer is higher and most of the internal surfaces of the particle may not be utilized for adsorption; consequently, the amount of 2,4-DNP adsorbed is small [44, 46] . 
Effect of pH
The removal of pollutant from waste water by adsorption is highly dependent on the waste water pH, which affects the surface charge of the biosorbent and the degree of ionization of the sorbate (pollutant). The effect of solution pH on 2,4-DNP biosorption was studied using 2 g of chemically treated kola nut pods and 100 mg/L 2,4-DNP at ambient temperature (25 • C). The range of pH was adjusted between 4 and 8 to study the effect of pH on the percentage removal of 2,4-DNP (Figures 3a and 3b ). As can be seen from Figure 3a , it is evident that increasing the pH of the synthetic waste water generally serves to increase the biosorption capacity, with a significant enhancement in the biosorption process occurring as the pH increased from 4 to 8. It was found that the biosorption of 2,4-DNP increased as the pH of the synthetic waste water was increased (Figure 3b ). This observation is consistent with previous studies on the adsorption of p-nitrophenol onto palm oil fuel ash [47] , fly ash [40] , activated jute stick char [48] , and clay [49] . This increase in 2,4-DNP biosorption may be due to the presence of the nitro group in the benzene ring [49] .
In this present experiment the percent removal of 2,4-DNP by biosorption was at maximum between pH 7 and 8. The pH of waste water or medium controls the electrostatic interactions between the biosorbent and the sorbate. The surface nature of a biosorbent depends not only on the surface functional groups but also on the isoelectric point (pH IEP ) or point of zero charge (pH P ZC ) of the biosorbent [50] . At a lower pH (acidic pH), the total or external surface charges on the biosorbent are positive. Thus, lower biosorption of 2,4-DNP took place at lower pH values. The lowest 2,4-DNP biosorption was observed at pH 4. Cationic biosorption is favored at pH > pH P ZC and anionic biosorption is favored at pH < pH P ZC [50] . When the pH value was increased, the surface of the biosorbent was more negatively charged; therefore, the biosorption of 2,4-DNP with positive charge reached an optimum at a pH value that lay between 7 and 8. In other words, the biosorption capacity increased with increase in pH and the maximum biosorption capacity occurred at pH 7. 
Effect of temperature
The biosorption of 2,4-DNP on chemically treated kola nut pods was investigated as a function of temperature and maximum removal of 2,4-DNP was obtained at 25
• C (Figures 4a and 4b) . The biosorption capacity decreased with the rise in temperature from 25 to 45
• C (Figure 4a ). This is mainly due to the decreased surface activity, suggesting that biosorption between 2,4-DNP and chemically treated kola nut pods was an exothermic process. Similar observations were reported for the adsorption of 4-nitrophenol onto fly ash [1, 43] .
The percentage removal of 2,4-DNP decreased with the increment of the solution temperature (Figure 4b ). 
Effect of biosorbent dosage
In this study, 5 different biosorbent dosages were selected, ranging from 2 to 10 g, while the 2,4-DNP concentration was fixed at 100 mg/L. The results are presented in Figures 5a and 5b. As the biosorbent dosage was increased from 2 to 10 g, the biosorption capacity reduced from 4.35 to 0.929 mg/g (Figure 5a ). This may be due to the decrease in total biosorption surface area available to 2,4-DNP, resulting from overlap or aggregation of biosorption sites [51, 52] . Similar observations have been reported [18, 53, 54] . Thus, with increasing biosorbent mass, the amount of 2,4-DNP sorbed onto unit mass of biosorbent is reduced, causing a decrease in q value with increasing biosorbent mass concentration. However, the percentage of 2,4-DNP removal showed an opposite trend. It was observed that percentage of 2,4-DNP removal increased with increase in biosorbent dose (Figure 5b ). This kind of a trend is mostly attributed to an increase in the biosorptive surface area and the availability of more active binding sites on the surface of the adsorbent [54, 55] . Furthermore, maximum 2,4-DNP percentage removal (93%) was recorded between 8 and 10.0 g of chemically treated kola nut pods. 
Biosorption isotherms
An adsorption/biosorption isotherm represents the equilibrium relationship between the adsorbate concentration in the liquid phase and that on the adsorbents' surface at a given condition. A number of 2-or 3-parameter adsorption isotherm models have been developed to describe adsorption equilibrium relationships. In the present study, 2-and 3-parameter models of Langmuir, Freundlich, Redlich-Peterson, and Sips were used to describe the equilibrium data in a wide variation of concentrations. The simplest method to determine isotherm constants for 2-parameter isotherms is to transform the isotherm variables so that the equation is converted to a linear form and then to apply linear regression. Although linear analysis is not possible for 3-and 4-parameter isotherms, a trial-and-error procedure has usually been applied to a pseudo-linear form of the isotherm to obtain values for the isotherm constants [56] . The transformations of nonlinear isotherm equations to linear forms implicitly alter their error structure and may also violate the error variance and normality assumptions of standard least squares [57] . In recent times, due to the inherent bias resulting from linearization, alternative isotherm parameter sets have been determined using a nonlinear optimization regression method. This provides a mathematically rigorous method for determining isotherm parameters using the original form of the isotherm equation [58] . The optimization procedure requires the selection of an error function in order to evaluate the fit of the isotherm to the experimental equilibrium data. Since the choice of error function can affect the parameters derived, 5 different error functions were examined and in each case a set of isotherm parameters were determined by minimizing the respective error function across the concentration range studied using the Solver add-in with Microsoft Excel. The error functions employed are shown below [59, 60] .
Sum of the square of the error (ERRSQ):
Hybrid fractional function error (HYBRID):
Marquardt's percent standard deviation (MPSD):
Average relative error (ARE):
Sum of absolute error (EABS):
As each of the error criteria is likely to produce a different set of isotherm parameters, an overall optimum parameter set is difficult to identify directly. Hence, in order to try to make a meaningful comparison between the parameter sets, a procedure of normalizing and combining the error results was adopted, producing a socalled 'sum of the normalized errors' (SNE) for each parameter set for each isotherm. The calculation method for the SNE was as follows: 1) Select 1 isotherm and 1 error function and determine the isotherm parameters that minimize that error function for that isotherm to produce the isotherm parameter set for that error function;
2) Determine the values for all the other error functions for that isotherm parameter set;
3) Calculate all other parameter sets and all their associated error function values for that isotherm; 4) Select each error measure in turn and ratio the value of that error measure for a given parameter set to the largest value of that error from all the parameter sets for that isotherm; and 5) Sum all these normalized errors for each parameter set.
The parameter set thus providing the smallest normalized error sum can be considered to be optimal for that isotherm provided that:
•There is no bias in the data sampling, i.e. the experimental data are evenly distributed, providing an approximately equal number of points in each concentration range; and
•There is no bias in the type of error methods selected.
The 2-parameter isotherm models were fitted to the equilibrium biosorption data using both linear and nonlinear regression methods. The 3-and 4-parameter isotherm models were fitted to the equilibrium biosorption data using a nonlinear regression method only. The nonlinear regression routine of MATLAB 7.1 was used for the fitting. The results are shown in Tables 2a and 2b 
Langmuir isotherms
The Langmuir isotherm model [61] was used to describe observed biosorption phenomena. The Langmuir model is as given in Eq. (11):
where Q max and a are isotherm constants. The Langmuir constant (Q max ) is a measure of the amount of naphthalene sorbed per unit weight of biosorbent, when saturation is attained. The Langmuir constant (a) is related to energy of adsorption (i.e. affinity of the binding sites), where Q max and a can be determined from the linear plot of 1/q e vs. 1/C e . The Langmuir equation is valid for monolayer sorption onto a surface with a finite number of identical sites that are homogeneously distributed over the sorbent surface [14] . The basic assumption of the Langmuir model is that sorption takes place at specific sites within the adsorbent. Theoretically, therefore, a saturation value is reached beyond which no further sorption can take place. The sorption data were analyzed according to the linear form of the Langmuir isotherm. The linear plot of 1/q e vs. 1/C e is shown in Figure 6a and the linear isotherm constants a and Q max and the error functions' values are presented in Table 2a . The isotherm was found to be linear over the whole concentration range studied with extremely high coefficients of determination (R 2 ) (Table 2a ). Based on the R 2 value, the linear form of the Langmuir isotherm appears to produce a very good model for 2,4-DNP biosorption. The error function values also supported this assertion. The biosorption data were also analyzed according to the nonlinear form of the Langmuir isotherm as shown in Figure 7 and the Langmuir data from the other 5 error analysis methods are presented in Table 2b . The values of individual constants Q max and a are very consistent across the range of error methods and are very close to those obtained by the linear error analysis approach. In all cases, all the error values for any of the parameter sets are lower than the same errors determined for the linear form of the isotherm. Considering the comparatively lower magnitudes of the error values together with the lower range of variation in the isotherm parameters suggests that the Langmuir isotherm does provide a particularly good model for the biosorption of 2,4-DNP onto chemically modified kola nut pod. Lastly, the HYBRID/MPSD/ARE parameter sets with lower SNE values produce the best overall fit for 2,4-DNP biosorption onto chemically modified kola nut pod. It can be explained apparently that when a > 0, the sorption system is favorable [62] . In this study, a was found to be 0.012 L/mg with linear regression analysis and 0.013 L/mg with nonlinear regression analysis.
The maximum monolayer biosorption capacity (Q max ) was obtained to be 32. The shape of the Langmuir isotherm can be used to predict whether a sorption system is favorable or unfavorable in a batch adsorption process. The essential characteristics of Langmuir isotherms can be described by a separation factor [65] [66] [67] , which is defined in Eq. (12) as:
The separation factor ( R L ) indicates the isotherm shape as follows:
, and R L = 0 irreversible. The separation factor obtained at different initial 2,4-DNP concentrations is presented in Table 3 . The R L ranges from 0.1429 to 0.4545 (using the constant a value obtained from the linear plot) and this indicate a favorable biosorption process. 
Freundlich isotherm
The Freundlich isotherm model [68] is given in Eq. (13):
where K f and n are Freundlich constants. K f is roughly an indicator of the adsorption capacity (mg/g) and n is the adsorption intensity. The Freundlich isotherm is used for nonideal adsorption on heterogeneous surface energy systems [44] . It suggests that binding sites are not equivalent and/or independent. McKay et al. [69] and Annadurai et al. [66] stated that the magnitude of the exponent 1 / n gives an indication of the favorability and capacity of the adsorbent/adsorbate system. Values of n > 1 represent favorable adsorption conditions according to Treybal [70] . In most cases, an exponent between 1 < n < 10 shows beneficial adsorption.
K f and 1/n were determined from the linear plot of log q e vs. log C e as shown in Figure 6b . The evaluated constants are given in Table 2a . Examination of the plot suggests that the linear Freundlich isotherm is a good model for the sorption of 2,4-DNP. Figure 7 and the parameter set provided by the error functions is presented in Table 2b . The results demonstrate that the values of constants 1/n and K f obtained by nonlinear regression are remarkably consistent. The minimum error occurs for the constants determined using the EABS and the set parameters are quite similar to those obtained by linearization. In this study, K f and 1/ n were found to be 0.891 mg/g(L/mg) 1/n and 0.648 from the linear plot and 1.035 mg/g(L/mg) 1/n and 0.610 from the nonlinear plot, respectively. Thus, the n value is 1.54 (linear value) and 1. 
Redlich-Peterson isotherm
The Redlich-Peterson isotherm equation contains 3 parameters and incorporates the features of the Langmuir and Freundlich isotherms [71] . This isotherm equation is as given in Eq. (14):
where Q RP is the maximum biosorption capacity, a RP is the Redlich-Peterson model constant (L/mg), and β RP is the Redlich-Peterson model exponent. The exponent β RP lies between 0 and 1. There are 2 limiting behaviors: the Langmuir form for β R = 1 and the Henry's law form for β RP = 0 [72] . At low adsorbate concentrations, the Redlich-Peterson isotherms approximate Henry's law, and at high adsorbate concentrations, the behavior approaches that of the Freundlich isotherm [73] . Although linear analysis is not possible for a 3-parameter isotherm, a trial-and-error procedure has previously been applied to a pseudo-linear form of the Redlich-Peterson isotherm to obtain values for the isotherm constants [74] . The method is based on the following equation:
The method involves varying the isotherm parameter, Q RP , to obtain the maximum value of the correlation coefficient for the regression of ln(Q RP C e /q e − 1)againstln(C e ) . Examination of the plot (Figure 6c) shows that the Redlich-Peterson isotherm accurately describes the sorption behavior of 2,4-DNP over the concentration ranges studied. The Redlich-Peterson isotherm constants and the coefficients of determination are presented in Table 2a . Since the method used to derive the isotherm parameters maximizes the linear correlation coefficient, it is not surprising that the Redlich-Peterson isotherms exhibit extremely high R 2 values, indicating a considerably better fit compared to the Freundlich isotherm. The application of the isotherm to the equilibrium biosorption data using a nonlinear regression method is shown in Figure 7 , and the estimated isotherm constants from the nonlinear error analyses are presented in Table 2b . Similar to the nonlinear Freundlich analysis, the RedlichPeterson isotherm constants are very consistent across the range of error methods and the actual parameter values derived by nonlinear regression are very close to those obtained using the linear analysis. The lowest SNE was obtained using the HYBRID/MPSD/ARE parameter sets.
Sips Isotherm Model
The Sips isotherm model [75] is also a 3-parameter model. It is a combined form of Langmuir and Freundlich expressions deduced for predicting heterogeneous adsorption systems and circumventing the limitation of the rising adsorbate concentration associated with Freundlich isotherm model. The isotherm model is represented as in Eq. (16):
At low adsorbate concentrations, it reduces to a Freundlich isotherm, while at high concentrations, it predicts a monolayer adsorption capacity characteristic of the Langmuir isotherm [76] . The pseudo-linear form of Eq.
(17) can be written as:
The method involves varying the isotherm parameter β S to obtain the maximum value of the correlation coefficient for the regression of 1/q e against 1 / C βS e . Examination of the plot (Figure 6d) shows that the Sips isotherm accurately describes the sorption behavior of 2,4-DNP over the concentration ranges studied. The Sips isotherm constants and the coefficients of determination are presented in Table 2a . Similar to the RedlichPeterson isotherm, based on the R 2 value, the pseudo-linear form of the Sips isotherm appears to produce a very good model for 2,4-DNP sorption and the comparative lower magnitude of the error function values supports this assertion. The application of the isotherm to the equilibrium biosorption data using a nonlinear regression method is shown in Figure 7 , and the estimated isotherm constants from the 5 nonlinear error analyses are presented in Table 2b . Similar to the nonlinear Redlich-Peterson analysis, Table 2b shows that the Sips isotherm constants are very consistent across the range of error methods and the actual parameter values derived by nonlinear regression are very close to those obtained using the linear analysis. The lowest SNE was obtained using the HYBRID/MPSD/ARE parameter sets. The model exponent (β S ) value is marginally greater than or equal to unity, indicating that the biosorption of 2,4-DNP by chemically modified kola nut pod is more of Langmuir form rather than of Freundlich. Tables 2a and 2b show the linear and nonlinear parameter set values for 2 of 2-parameter and 2 of 3-parameter isotherm models. As seen from Table 2a , the highest linear regression coefficient of determination (R 2 ) was obtained for the experimental data using the Langmuir isotherm, closely followed by the Redlich-Peterson isotherm. According to Ho et al. [19] , selection of the linear isotherm transformation with the highest linear regression R 2 does not appear to be the most appropriate method to choose a model for sorption equilibria.
Error analysis -comparison of isotherm models
Several other error functions can be used for model selection. Therefore, based on the 5 measured error functions, the Langmuir isotherm produced the better fit of the 2-parameter isotherm models examined, having the lowest error values. Furthermore, based on any of the error functions, better fits can be obtained for most 2-parameter isotherms by using nonlinear regression [19] . For the 2-parameter isotherms examined using nonlinear regression analysis, the HYBRID/MPSD/ARE error functions produced the parameter set providing the lowest SNE in 1 of the 2 isotherms, and the EABS produced the parameter set for the second isotherm. In addition, the error values determined by nonlinear regression are lower than those for the linear isotherm parameters. This indicates that the nonlinear equation analysis method may be a suitable approach to use for 2-parameter isotherms. Nevertheless, the linear parameters provided reasonably close estimates to the optimized nonlinear solutions for 2,4-DNP and kola nut pod systems and the same trend of fitting as that of nonlinear regression was produced by the linear regression analysis: Langmuir > Freundlich. Therefore, both linear and nonlinear regression methods may be used for the analysis of 2-parameter adsorption isotherms.
For the 3-parameter isotherms, the HYBRID/MPSD/ARE error functions produced the parameter sets providing the lowest SNE in the 2 isotherms examined, with the ERRSQ error function giving the second lowest value in each case and therefore providing the next best-fitting isotherm constants. Similarly, like the 2-parameter isotherms, the error values determined by nonlinear regression are lower than those for the linear isotherm parameters. This affirms the fact that the nonlinear equation analysis method is a suitable approach to use for the 3-parameter isotherms, although the linear parameters provided reasonably close estimates to the optimized nonlinear solutions for 2,4-DNP and kola nut pod. Based on the lowest SNE value, among the 3-parameter isotherm models, the order of best fit is as follows: Sips > Redlich-Peterson. In this study, the 3-parameter isotherms were found to provide a better match to the experimental data than the 2-parameter isotherms. This is in agreement with the observation of Ho et al. [19] in their study of divalent metal ions sorption onto peat.
The error functions HYBRID and MPSD could be accepted as the most indicative, adequate, and essentially meaningful when determining the best-fitting isotherm model, as the number of isotherm parameters is accounted for only by them [60, 77] . This assertion is supported by the data in Table 2b , as the 3-parameter isotherm models were characterized with higher extent of suitability to the experimental data due to lower error values. A similar observation was reported in a previous study [19] . Generally, among the 4 isotherm models applied to the equilibrium biosorption experimental data, HYBRID/MPSD/ARE error functions provided 3 of the lowest SNE values, and the Sips isotherm equation employing the parameter set derived using the HY-BRID/MPSD/ARE errors provided the overall best model for the experimental system. Therefore, considering the lower SNE values obtained for the 4 isotherm models, the order of prediction precision is determined as follows: Sips > Redlich-Peterson > Langmuir > Freundlich.
Kinetic modeling of biosorption
Mass transfers occur within the boundary layer around the biosorbent and proceed in the liquid-filled pores or along the walls of the pores of biosorbent, which are called external and internal mass transfers, respectively. Typical kinetic models normally consider both the external and internal mass transfers. Examples of these models are film-pore diffusion, film-surface diffusion, pore diffusion, surface diffusion, and combined pore and surface diffusion models. These models involve complicated mathematical computations in order to obtain the related diffusion coefficients of the models. Furthermore, the mass transfers of adsorption or biosorption often involve many controlling mechanisms, of which the individual contribution may not be clearly recognized, at the same time during the course to approach adsorption equilibria [78] . Therefore, for the simplicity and practical use of engineering applications, global kinetic expressions such as the Lagergren pseudo-first-order [79] , pseudo-second-order [80] , Elovich [81] , power function [82] , and intraparticle diffusion [83] rate equations were adopted and applied to the biosorption data in order to analyze the rate of biosorption and possible adsorption mechanism of naphthalene onto modified spent tea leaves.
Pseudo-first-order kinetic model
The Lagergren pseudo-first-order kinetic model equation [79, 84] is represented in an integral form as given in Eq. (18):
where q e is the theoretical equilibrium biosorption capacity (mg/g) and k 1 is the biosorption rate constant (min −1 ). The plots of ln(q e − q t ) versus t give a straight line (Figure 8) . The values of the rate constants k 1 and theoretical equilibrium biosorption capacities q e (theoretical) at different concentrations and temperatures were calculated from the slopes and intercepts of the linear plots. The respective values are given in Table 4 . It is required that the theoretically calculated equilibrium biosorption capacity, q e (theor.), be in accordance with the experimental biosorption capacity, q e (exp.), values [85] . From Table 4 , it was found that the correlation coefficients ( R 2 ) are relatively high and there is good agreement between q e (theoretical) and q e (experimental).
This suggests that the biosorption of 2,4-DNP by chemically treated kola nut pod follows first-order reaction kinetics. It can also be seen from Table 4 that the biosorption rate constant (k 1 ) generally remained constant with an increase in initial 2,4-DNP concentration and decreased with an increase in temperature. 
Pseudo-second-order kinetic model
The pseudo-second-order kinetic model, which is based on the assumption that chemisorption is the ratedetermining step, can be expressed as:
where k 2 is the rate constant of second-order biosorption (g mg −1 min −1 ) and q e is the theoretical equilibrium biosorption capacity (mg/g). The initial biosorption rate, h (mg g −1 min −1 ), is represented in Eq. (20) [86] :
The plots of t/q t versus t give a straight line ( Figure 9 ). Values of k 2 and q e were calculated from the linear plots of t/q t vs. t (Figure 9 ) for different initial concentrations and temperatures. The respective constant values are given in Table 4 . The high correlation coefficients (R 2 ) of the pseudo-second-order (Table 4) suggest the applicability of the pseudo-second-order kinetic model to fit the experimental data. It is also expected that the theoretically calculated equilibrium biosorption capacity, q e (theor.), be in accordance with the experimental adsorption capacity, q e (exp.), values. It could be seen from Table 4 that the correlation coefficients (R 2 ) are high but relatively lower than the results obtained for pseudo-first-order kinetics, and there is not very good agreement between q e (theoretical) and q e (experimental). Therefore, this suggests that the biosorption of 2,4-DNP by chemically treated kola nut pods does not follow a pseudo-second-order type of reaction kinetics. Moreover, it was observed that the second-order rate constant k 2 generally decreased with increase in initial 2,4-DNP concentration. This is due to the lower competition for the surface active sites at lower concentrations, but at higher concentrations the competition for the surface active sites will be high and consequently lower biosorption rates will be obtained. Furthermore, it can be seen from Table 4 that secondorder rate constant, k 2 , decreased as the temperature increased, indicating the exothermic nature of 2,4-DNP biosorption by chemically treated kola nut pod surface. Again, as evident from Table 4 , the initial adsorption rate,h, increased with increase in initial 2,4-DNP concentration and decreased with increase in temperature, suggesting that biosorption of 2,4-DNP by chemically treated kola nut pod was favorable at higher concentrations and lower temperatures. The increase in initial biosorption rate with increase in 2,4-DNP concentration may be due to the increased concentration gradient, which acts as an increased driving force to overcome the resistances to mass transfer of 2,4-DNP between the aqueous phase and the solid phase [41, 87] . Meanwhile the decrease in initial biosorption rate with increased temperature could probably be due to decreased kinetic energy gained by the 2,4-DNP molecules, thereby resulting in a decreased temperature gradient that acted as a driving force for the molecular transfer of 2,4-DNP from the aqueous system to the biosorbent (solid system).
Elovich kinetic model
The Elovich equation [53, 81] , which is used to express the mechanism of adsorption, can generally be expressed as presented in Eq. (21):
To simplify the Elovich equation, Chien and Clayton [88] assumed αβt >> 1, and by applying the boundary conditions q t = 0 at t = 0 and q t = q t at t = t, Eq. (21) becomes [89] :
where α is the initial biosorption rate (mg g −1 min −1 ) and β is the desorption constant (g/mg).
The Elovich equation has been shown to be useful in describing chemisorption on highly heterogeneous adsorbents. The values of α and β were calculated from the plots of q t vs. ln t (Figure 10 ). The respective constant values are given in Table 4 . The calculated values of α and β showed a general trend of changes with an increase in the initial 2,4-DNP concentration and temperature, respectively. The initial biosorption rate (α) increased with increase in initial 2,4-DNP concentration and decreased with increase in temperature. This suggests that the biosorption process was chemisorption corresponding to the heterogeneous nature of the active sites while the desorption constant ( β) decreased with increase in initial concentration and did not vary with increase in solution temperature. Thus, 1/ β (which is apparently indicative of the number of sites available for biosorption) showed a distinct increase with an increase in concentration and remained constant with increase in temperature, again reinforcing the occurrence of chemisorption. 
Power function model
The power function kinetic equation develops a relation between contaminant uptake onto the adsorbent and time t, and the equation was given by Goswami and Ghosh [82] :
A linear plot ( Figure 11 ) between log q vs. log tgives the constants of power functions a and b. The constants a and b represent the initial rate and rate constant of the reaction (Table 4 ). The initial rate constant a increases with increase in initial 2,4-DNP concentration and decreases with increase in solution temperature, while the rate constant b generally decreases with increase in initial 2,4-DNP and increases with increase in solution temperature. 
Biosorption mechanisms
A detailed understanding of adsorption or biosorption mechanisms facilitates a determination of the ratelimiting step. This information can then be used to optimize the design of adsorbent/biosorbents and adsorption/biosorption conditions. The overall rate of biosorption can be described by the following 3 steps [90]:
1) film or surface diffusion where the sorbate is transported from the bulk solution to the external surface of sorbent; 2) intraparticle or pore diffusion, where sorbate molecules move into the interior of sorbent particles; and 3) adsorption on the interior sites of the sorbent. Since the adsorption/biosorption step is very rapid, it is assumed that it does not influence the overall kinetics. The overall rate of biosorption process, therefore, will be controlled by either surface diffusion or intraparticle diffusion. The Weber-Morris intraparticle diffusion model has often been used to determine if intraparticle diffusion is the rate-limiting step [81, 82] .
Intraparticle diffusion model
The intraparticle diffusion kinetic model [83] can be written as presented in Eq. (24):
where K p is the intraparticle diffusion rate constant (mg g −1 min − 1 / 2 ) and C is the intercept.
The intercept of the plot reflects the boundary layer effect. The larger the intercept, the greater is the contribution of the surface sorption in the rate-controlling step. According to this model, a plot of q t vs. t
0.5
should be linear if intraparticle diffusion is involved in the adsorption process, and if the plot passes through the origin, then intraparticle diffusion is the sole rate-limiting step [91] . It has also been suggested that in instances when q t vs. t 0.5 is multilinear 2 or more steps govern the adsorption/biosorption process [82, 92] .
In fact, the linear plots at each concentration and temperature ( Figure 12 ) did not pass through the origin and, given the multilinearity of this plot for biosorption of 2,4-DNP onto chemically treated kola nut pod, this suggests that biosorption occurred in 3 phases (Figure 12 ). The initial steeper section represents surface or film diffusion, the second linear section represents a gradual biosorption stage where intraparticle or pore diffusion is rate-limiting, and the third section is a final equilibrium stage where intraparticle diffusion starts to slow down due to the extremely low adsorbate concentrations in the solution [93] . As the plot did not pass through the origin, intraparticle diffusion was not the only rate-limiting step. Thus, there were 3 processes controlling the biosorption rate, but only 1 process was rate-limiting in any particular time range. The intraparticle diffusion rate constant K p was calculated from the slope of the second linear section and the values are presented in Table   4 . The K p values increased with the increase in initial 2,4-DNP concentration and solution temperature. The value of intercept C provides information related to the thickness of the boundary layer [94] . Larger intercepts suggest that surface diffusion has a larger role as the rate-limiting step. The intercept values increased with increase in initial 2,4-DNP concentration and decreased with increasing temperature.
Liquid film diffusion model
The liquid film diffusion model [95] was also employed to investigate whether the transport of the sorbate molecules from the liquid phase up to the solid phase boundary plays a major role in the biosorption, as shown in Eq. (25): where F is the fractional attainment of equilibriumF = q t /q e , and D is the liquid diffusion constant. A linear plot of -ln (1 -F) versus t with zero intercept would suggest that the kinetics of the biosorption process are controlled by diffusion through the liquid surrounding the solid sorbent. In this study, the linear regression line did not pass through the origin but was closer to the origin (Figure 13 ), and the high regression values (R 2 > 0.99) at different initial concentrations and temperatures show the relevance of film diffusion as a ratedetermining factor in the biosorption process. The liquid film diffusion constant D did not vary with increase in initial 2,4-DNP concentrations; however, it decreased with increase in solution temperature (Table 4) . Generally, all the tested biosorption kinetic models fit well to the biosorption kinetic data with high correlation coefficients at different initial 2,4-DNP concentrations and solution temperatures; however, the pseudo-first-order kinetic model gave the best fit with higher correlation coefficients (R 2 > 0.99) to describe the biosorption behavior of 2,4-DNP by chemically treated kola nut pod. Similar observations were reported for the adsorption of 4-nitrophenol onto magnesium-aluminum mixed oxide [25] .
Thermodynamic modeling
In order to study the feasibility of the biosorption process, thermodynamic parameters such as standard Gibb 
whereK D is the distribution coefficient of the biosorbent and is equal toq e /C e , T (K) is the absolute solution temperature, and R is the universal gas constant (8.314 J/mol K 
From the pseudo-first-order rate constant k 1 (Table 4) , the activation energy E a for the biosorption of 2,4-DNP by chemically treated kola nut pod surface was determined using the Arrhenius equation (Eq. 28):
where k 1 is the biosorption rate constant, A is the Arrhenius constant, E a is the activation energy (kJ mol −1 ), R is the gas constant (8.314 J mol −1 K −1 ), and T is the temperature (K). By plotting ln k 1 vs. 1/T , E a was obtained from the slope of the linear plot ( Figure 14b ) and is presented in Table 5 . kJ/mol) confirms that the biosorption is exothermic in nature. The type of biosorption process can also be explained in terms of the magnitude of ∆H o . The heat evolved during physisorption generally lies in the range of 2.1 to 20.9 kJ/mol while the heat of chemisorption falls into a range of 80 to 200 kJ/mol [97] . The enthalpy value of 44.37 kJ/mol obtained in this study is lower than the range for chemisorption but is closer to the range for physisorption, which suggests that the biosorption process is more of a physisorption. The result is consistent with those obtained from the Temkin and Dubinin-Radushkevich isotherms. This may probably be due to the fact that physisorption, which is as a result of weak Van der Waal forces between the sorbate and the biosorbent, occurs at low temperatures and decreases with increase in temperature [98] .
The negative value of ∆S o is an indication of the decreasing randomness of 2,4-DNP molecules and also suggests that the biosorption process is irreversible and enthalpy-driven [1] . The E a value calculated from the slope of the plot (Figure 14b ) was found to be -17.26 kJ/mol. The negative value of E a indicates that lower solution temperature favors organic chemical removal by biosorption onto the chemically treated kola nut pod surface and that the biosorption process is exothermic in nature. The magnitude of the activation energy (E a )
can give an idea about the type of biosorption, which is mainly physical or chemical [99] . Physisorption usually has activation energies (E a ) in the range of 5 to 40 kJ/mol, while higher activation energies (E a ) of 40 to 800 kJ/mol suggest chemisorption [100] . In this study, the value of E a is less than 40 kJ/mol, which suggests that the biosorption process is physisorption.
Design of batch biosorption from isotherm data
For the biosorption of 2,4-DNP by chemically treated kola nut pod, the Sips isotherm gives the best fit to experimental data. Therefore, to design a batch biosorption process, where the effluent contains V (L) of water and an initial 2,4-DNP concentrationC 0 , which is to be reduced to C 1 in the biosorption process, Eq. (29) can be applied. 
Conclusions
In this study, chemically treated kola nut pod was tested and evaluated as a possible biosorbent for removal of 2,4-DNP from aqueous solution using batch biosorption techniques. The biosorption process is also dependent on some factors such as the initial concentration, contact time, biosorbent particle size, pH, temperature, and biosorbent dosage. The percentage removal of 2,4-DNP decreased with an increase in the initial 2,4-DNP concentration while it increased with increase in contact time and biosorbent dose up to a certain level. A detailed error analysis was carried out to determine the best isotherm model for equilibrium biosorption data of 2,4-DNP onto chemically treated kola nut pod. Among the 2-and 3-parameter isotherm models examined, the Langmuir and Sips isotherm model equations showed the best fit to the equilibrium biosorption data based on lower SNE values. In general, the Sips isotherm equation employing the parameter set derived using the HYBRID/MPSD/ARE errors provided the overall best model for the experimental system. The maximum monolayer biosorption capacity (Q max ) was found to be 32.26 mg/g with linear regression and 30.10 mg/g with nonlinear regression. The biosorption kinetics followed a pseudo-first-order kinetic model with a very good correlation coefficient, suggesting that the biosorption process is presumable a physisorption. Intraparticle diffusion was not the sole rate-controlling factor. The activation energy of the biosorption process (E a ) was found to be -17.26 kJ/mol by using the Arrhenius equation, indicating the exothermic nature of 2,4-DNP biosorption onto chemically treated kola nut pod.
Thermodynamic analysis suggests that the removal of 2,4-DNP from aqueous solution by chemically treated kola nut pod was a spontaneous and exothermic process. Negative values for ∆G o , ∆H o , and E a indicated that biosorption occurs in a spontaneous and exothermic manner, while the negative value of ∆S
• indicated decreasing disorder at the solid/solution interface during biosorption. In addition, values of the standard enthalpy change ( ∆H o ) and activation energy ( E a ) suggested that the biosorption process of 2,4-DNP onto chemically treated kola nut pod might be of the physisorption process.
